Background: p38MAPK plays an essential role in myoblast differentiation. Results: TAK1 and ASK1 interact with Cdo and JLP to promote myogenesis. Conclusion: TAK1 and ASK1 act as MAP3Ks to activate p38MAPK in Cdo-mediated myogenesis. Significance: This might be the first report to identify MAP3Ks in Cdo-mediated myogenesis.
gation, alignment, and fusion to form multinucleated myofibers (1) . The processes of myogenic specification and differentiation are coordinated by a MyoD family of transcription factors, which function in concert with the MEF2 family of transcription factors (2) . The activities of these transcription factors need to be tightly regulated to ensure efficient muscle development, and several signaling pathways are involved in posttranslational regulation of these transcription factors (3, 4) . The mitogen-activated protein kinases (MAPKs) belong to a family of serine/threonine kinases that transduce signals from extracellular cues to regulate a variety of biological processes, including cell growth, migration, survival, and differentiation. MAPKs function as a part of three-tiered cascades of kinases consisting of a MAPK kinase kinase (MAP3K), MAPK kinase (MAP2K), and MAPK. Three major groups of MAPKs have been characterized in mammals, including extracellular signalregulated kinase (ERK), c-Jun N-terminal-activating kinase (JNK), and p38MAPK (5) . It is well established that p38MAPK plays a prominent role in myogenesis for the biochemical as well as morphological differentiation of myoblasts (3, 4, 6) . p38MAPKs consist of four isoforms: p38␣, -␤, -␥, and -␦ in mammalian cells (7, 8) . Among these, p38␣ appears to be essential for myoblast differentiation, whereas the other three are dispensable for the differentiation of primary myoblasts and muscle regeneration (6, 9) . p38␣ positively regulates myogenic differentiation through modulation of MyoD function (8) via phosphorylation of several proteins in muscle-specific gene expression, including MEF2 isoforms, the MyoD heterodimeric partner E47, and the chromatin-modifying enzyme SWI/SNF subunit BAF60 (10 -12) .
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cytokines and cellular stresses (13) (14) (15) . TAK1 was originally identified as a key regulator of MAPK in response to TGF-␤ and can phosphorylate MAPK kinase 6 (MKK6), the upstream activator of p38MAPK (16, 17) . Mice lacking TAK1 display embryonic lethality, suggesting its essential role in mouse development. Studies with tissue-specific knock-out mice suggest that TAK1 is involved in multiple developmental processes including vasculature development, differentiation of keratinocytes, survival of hematopoietic cells and hepatocytes, and development of cartilage and immune responses (17) (18) (19) (20) (21) (22) . Recently it has been reported that TAK1 plays a key role in proliferation and differentiation of myoblasts via activation of p38MAPK (23) . Inactivation of TAK1 by expression of RNAi or a dominant-negative form of TAK1 decreases the expression of myogenic differentiation markers in C2C12 cells. TAK1-deficient mouse embryonic fibroblasts (MEFs) show a defect in myoblast differentiation induced by ectopically transfected MyoD, a defect that is rescued by expression of a constitutively active form of MKK6, suggesting that TAK1 may function as a MAP3K for p38MAPK in myoblast differentiation. On the other hand, ASK1, originally identified as a mediator of tumor necrosis factor ␣-induced apoptosis by activation of p38MAPK and JNK (24) , can promote cell differentiation and survival rather than apoptosis in PC12 cells and keratinocytes (25, 26) , suggesting that ASK1 may play distinct roles depending on the cellular context. ASK1 has also been shown to promote neuronal differentiation of adult hippocampal neural progenitors via activation of p38MAPK (27) . However, whether ASK1 can activate p38MAPK in myoblast differentiation, thereby regulating myogenesis, is unknown. Cdo is an immunoglobulin (Ig)/fibronectin type III (FNIII) superfamily of cell surface protein that positively regulates myogenesis in vivo and in vitro. Cdo-deficient mice exhibit delayed skeletal muscle development, and Cdo-deficient myoblasts differentiate defectively with the reduction in levels of muscle-specific proteins (28) . Similarly, Cdo depletion in C2C12 cells by RNAi causes inefficient differentiation, whereas overexpression of Cdo enhances differentiation. Cdo is implicated in the promotion of myoblast differentiation mediated by cell to cell adhesion as well as cell to substratum adhesion signal mediated by integrin ␤1/FAK signaling (29) . Cdo functions as a component of multiprotein complexes that include the closely related protein Boc, the Ig superfamily receptor neogenin and its ligand netrin-3, and the adhesion molecules N-cadherin and Gas1 (30 -33) . The promyogenic function of Cdo is exerted largely through activation of the p38MAPK pathway (34, 35) to stimulate MyoD activity through phosphorylation of E47, leading to the enhancement of heterodimerization (28) . N-cadherin-mediated cell contact enhances myoblast differentiation via p38MAPK activation in a Cdo-dependent manner, suggesting that the N-cadherin/Cdo/p38MAPK pathway mediates cell contact-dependent differentiation of myoblasts (32, 36) . The Cdo intracellular region binds to JLP, a scaffold protein for the p38MAPK pathway, and Bnip-2, a scaffold-like protein for the small GTPase Cdc42, during myoblast differentiation. This interaction leads to the Cdc42-dependent activation of JLPbound p38MAPK, which promotes myoblast differentiation (35) . In agreement with this notion, Cdo Ϫ/Ϫ primary myoblasts are unable to induce the differentiation-specific p38MAPK, and their defective differentiation is rescued by the expression of an activated form of MKK6, an immediate upstream kinase of p38MAPK. In addition, Cdo-mediated p38MAPK activation is required for the neuronal differentiation of C17.2 neuronal progenitor cells and P19 embryonal carcinoma cells (37) . It is anticipated that p38MAPK activation by the Cdo-JLP complex will require specific MAP3Ks. The fact that p38MAPK acts downstream of Cdo and TAK1 in myoblast differentiation and of Cdo and ASK1 in neuronal differentiation led us to hypothesize that ASK1 and TAK1 might function as MAP3Ks in Cdo-mediated p38MAPK activation and myoblast differentiation. In this study, we demonstrate that the knockdown or overexpression of TAK1 or ASK1 in C2C12 cells decreases or enhances myoblast differentiation, respectively. Cdo and JLP interacted with ASK1 or TAK1 in 293T cells and C2C12 myoblasts. As expected, overexpression of ASK1 and TAK1 in C2C12 cells resulted in enhanced p38MAPK activation, whereas knockdown reduced the level of pp38. Overexpression of TAK1 or ASK1 in Cdo-depleted C2C12 cells and Cdo Ϫ/Ϫ myoblasts rescued the deficient p38MAPK activation and the defective myotube formation. Furthermore, ASK1 and TAK1 can compensate for each other in p38MAPK activation and myoblast differentiation. Taken together, these findings suggest that ASK1 and TAK1 function as MAP3Ks in Cdo-mediated p38MAPK activation and promotion of myoblast differentiation.
EXPERIMENTAL PROCEDURES
Cell Culture and Expression Vectors-C2C12 and 293T cells were cultured as described previously (38) . C2C12 cells were cultured in Dulbecco modified Eagle's medium (DMEM) containing 15% fetal bovine serum (growth medium) and induced to differentiate at near confluence in DMEM, 2% horse serum (differentiation medium (DM)). Myotube formation in stable and transient transfection assays was quantified as described previously (38) . Primary myoblasts were obtained from the hind limbs of wild type and Cdo Ϫ/Ϫ mice as described previously (34) . Briefly, cells were grown in F10 medium containing 20% fetal bovine serum and bFGF (100 ng/ml). For the rescue experiment, cells were cotransfected with TAK1 or ASK1 expression vectors plus an RFP or GFP vectors to mark transfectant using Lipofectamine 2000, and 24 h later, cells were induced to differentiate by removing bFGF for 1 day followed by immunostaining with antibodies to pp38 or myosin heavy chain (MHC). Tak1 Ϫ/Ϫ mouse embryonic fibroblasts (kindly provided by Dr. Takeuchi, Osaka University) were cultured in 10% FBS containing DMEM and transfected with various constructs by the reverse transfection method (39) with Lipofectamine 2000 (Invitrogen). Because the transfection efficiency generally was 70 -90%, the transiently transfected cells were used to analyze for pp38 detection and BrdU incorporation. The statistical analysis of myotube formation was performed using Student's t test. For overexpression studies, pRK5/HA-TAK1 (40), pRK5/HA-TAK1(KN) (41) , pcDNA/ FLAG-ASK1, or pcDNA/FLAG-ASK1(KN) (24) and pBabePuro control vectors were cotransfected into C2C12 cells using FuGENE 6 reagent (Roche Applied Science). To generate stable C2C12 cell lines, cultures were selected in puromycin-containing medium. Drug-resistant cells were pooled and analyzed for Western blotting or MHC staining. The rescue ability of ASK1 and TAK1 for differentiation of Cdo-depleted C2C12 cells was assessed by a transient coexpression approach as described previously (38) . Briefly, those cells were cotransfected with ASK1 or TAK1 expression vector plus a GFP expression vector with a ratio of 10:1, respectively. Forty-eight hours after transfection, the cells were transferred into DM for 2 days followed by immunostaining for both MHC and GFP expression. To generate C2C12 cell lines that stably expressed small hairpin RNAs (shRNAs) against ASK1 or TAK1, three different sequences for each gene were chosen and inserted into pSuper-puro vector. From among them, the following sequences were chosen based on reproducibility: shAsk1-1, 5Ј-CCGGCCAGGTCAGAATTG-CTATTAACTCGAGTTAATAGCAATAGCAATTCTGAC-CTTGTTTTT-3Ј; shAsk1-2, CCGGCCTGTGCTAATGACT-TGCTTACTCGAGTAAGCAAGTCATTAGCACAGGTT-TTT; shTak1-1, 5Ј-CCGGCGCCCTTCAATGGAGGA-AATTCTCGAGAATTTCCTCCATTGAAGGGCGTTTTT-3Ј; and shTak1-2, 5Ј-CCGGCAGCCCTAGTGTCAGAATGAT-CTCGAGATCATTCTGACACTAGGGCGGTTTTT-3Ј. pSupershCdo vectors were reported previously (42) .
Western Blot Analyses and Immunoprecipitation-Western blot analyses were performed as described previously (38) . Briefly, cells were lysed in extraction buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 10 mM NaF, 1 mM Na 3 VO 4 , and complete protease inhibitor mixture (Roche Applied Science)), and SDS-PAGE was performed. The primary antibodies used were anti-ASK1, anti-MyoD, anti-myogenin, anti-S probe, anti-TAK1 (Santa Cruz Biotechnology), anti-pp38 (Cell Signaling Technology), anti-Cdo (Zymed Laboratories Inc.), anti-JLP (Abcam), anti-pan-cadherin, anti-troponin T, anti-p38, anti-FLAG (Sigma), anti-MHC (MF-20; Developmental Studies Hybridoma Bank), anti-␤-tubulin (Zymed Laboratories Inc.), and anti-HA (Roche Applied Science) antibodies. For immunoprecipitation experiments, 293T cells were transfected with a combination of S-tagged JLP and either FLAG-tagged ASK1 or HA-tagged TAK1. Forty-eight hours after transfection, wholecell extracts were incubated with 20 l of 50% slurry S-agarose beads for 2 h at 4°C. Beads were washed three times with extraction buffer and resuspended in extraction buffer, and samples were analyzed by Western blotting. To study the formation of ASK1-Cdo and TAK1-Cdo complexes, coimmunoprecipitation was performed as described previously (38) .
Immunocytochemistry and Microscopy-Immunostaining for MHC expression was performed as described previously (38) , and images were captured and processed with a Nikon Eclipse Ti-U and NIS-Elements F software. For the results shown in Fig. 5 , C2C12 cells or primary myoblasts on coverslips in 12-well plates were cotransfected with 100 ng of enhanced GFP expression vector and 900 ng of the indicated DNA construct for 2 days, fixed with 4% paraformaldehyde for 20 min, permeabilized with 1% Triton X-100 in phosphate-buffered saline (PBS), blocked, and stained with anti-pp38MAPK or anti-MHC followed by an Alexa Fluor 568-conjugated secondary antibody (Invitrogen). An image was obtained on a Zeiss LSM-510 Meta confocal microscope. Quantification of the fluorescent signal for pp38 was performed with Image Gauge software (Fujifilm, Tokyo).
For reactivation of p38 in Cdo-depleted cells by an ASK1 or TAK1 overexpression experiment, C2C12 cells in 12-well plates were cotransfected with 100 ng of a GFP expression vector and 900 ng of the indicated DNA construct for 2 days and then fixed with 4% paraformaldehyde for 20 min. Cultures were then permeabilized with 1% Triton X-100 in PBS, blocked, and incubated with anti-pp38 or anti-MHC antibodies followed by incubation with an Alexa Fluor 568-conjugated secondary antibody (Invitrogen). An image was obtained on a Zeiss LSM-510 Meta confocal microscope. Quantification of the fluorescent signal for pp38 was performed with Image Gauge software (Fujifilm).
In Vitro Kinase Assay-the kinase reaction buffer comprised 20 mM HEPES (pH 7.5), 20 mM MgCl 2 , 1 mM EDTA, 2 mM NaF, 10 mM pNPP, 1 mM DTT, and 10 M ATP. The purified kinase proteins used for this study were as follows: active ASK1 (R&D Systems), MKK6 (Millipore), and p38␣ (BIOSOURCE). The mixtures were incubated for 15 min at 30°C followed by SDS-PAGE and Western blotting. Primary antibodies used were anti-pp38 (Cell Signaling Technology) and anti-Mkk6 (Santa Cruz Biotechnology).
BrdU Incorporation Assay-C2C12 cells stably expressing ASK1, TAK1, shAsk1-1, shAsk1-2, shTak1-1, or shTak1-2 were incubated with BrdU for 10 min in growth medium and analyzed as described previously (43) . Briefly, cells were rinsed with PBS twice and then fixed for 10 min at room temperature with 4% paraformaldehyde. Cells were then washed with 1% Triton X-100/PBS twice for 5 min, incubated in 2 N HCl for 30 min, and neutralized with 0.1 M sodium borate buffer for 12 min at room temperature. After three washings with 1% Triton X-100/PBS for 5 min, cells were blocked with 5% FBS in PBS for 1 h at room temperature followed by incubation with anti-BrdU antibody (Chemicon), Alexa Fluor 488-conjugated secondary antibody (Invitrogen), and DAPI, sequentially. Signals were obtained and quantified with a Nikon Eclipse Ti-U and NIS-Elements F software.
Annexin V-FITC/Propidium Iodide Assay-The annexin V-FITC apoptosis detection kit, Apopscan TM (Biobud Inc., Seoul, Korea) was used according to the manufacturer's protocol to detect phosphatidylserine translocation from the inner to the outer plasma membrane. Briefly, for each assay, cells were washed with PBS, diluted in annexin V binding buffer containing annexin V and propidium iodide, and incubated for 15 min in the dark at room temperature. Those cells were processed with fluorescence-activated cell sorting (FACSCalibur, BD Biosciences) by collecting 10,000 events/sample to ensure statistical significance. Data were analyzed with FCS Express software.
RESULTS

ASK1 and TAK1 Form a Complex with Cdo and JLP during
Myoblast Differentiation-To test the possibility that TAK1 and ASK1 may function as MAP3Ks in Cdo-mediated p38MAPK activation, we analyzed whether TAK1 and ASK1 could interact with Cdo. Thus, 293T cells were transiently transfected with expression vectors for the GST-tagged cyto-
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plasmic tail of Cdo, HA-tagged TAK1 (TAK1(HA)), or FLAGtagged ASK1 (ASK1(FLAG)) and the control vector. Lysates were then subjected to pulldown with glutathione-Sepharose beads and immunoblotted with antibodies recognizing Cdo, HA (for TAK1), or FLAG (for ASK1). As shown in Fig. 1, A and B, the cytoplasmic region of Cdo interacted with TAK1 as well as ASK1. In our previous study, Cdo interacted directly with JLP via its cytoplasmic tail, thereby activating the p38MAPK signaling pathway in myoblast differentiation (34) . Therefore we investigated whether ASK1 and TAK1 can interact with JLP and Cdo. To that end, 293T cells were transfected with ASK1(FLAG), TAK1(HA), S-tagged JLP (JLP-S), Cdo, or the control expression vectors, and lysates were subjected to pulldown with S-agarose followed by immunoblotting with antibodies recognizing FLAG, HA, Cdo, or S-probe. As shown in Fig. 1 , C and D, ASK1 or TAK1 interacted with JLP, and this interaction was further increased when Cdo was coexpressed, suggesting that ASK1 and TAK1 may function as MAP3Ks in Cdo-mediated p38 activation during myogenic differentiation.
Next we tested whether the endogenous proteins also form complexes in myoblasts during differentiation. C2C12 cells at high cell density (near confluence) were triggered to differentiate in DM. Lysates of C2C12 cells proliferating in growth medium at low density (G), at near confluence (day 0), or in DM for the indicated times were immunoprecipitated with antiCdo antibodies followed by Western blot analysis with antibodies recognizing ASK1, TAK1, Cdo, MHC (to monitor differentiation), and cadherin as a loading control. Both ASK1 and TAK1 were expressed in myoblasts, and the levels of ASK1 and TAK1 were modestly increased in the cells at near confluence and decreased slightly in differentiating cells, as shown in the quantification of three independent experiments ( Fig. 1 , E and F). Both ASK1 and TAK1 were coimmunoprecipitated with Cdo in proliferating and differentiating myoblasts. The interaction among Cdo, ASK1, TAK1, and JLP was significantly enhanced at day 2 in DM ( Fig. 1 , E and F) when myoblast differentiation was initiated, which is evident by MHC expression; p38MAPK activation is generally detected at this time point (34) . We concluded that ASK1 and TAK1 interact with Cdo and JLP in myoblasts and that this interaction is strongly enhanced at the early stage of differentiation.
Knockdown or Overexpression of TAK1 or ASK1 Decreases or Enhances Myoblast Differentiation-We next analyzed the role of ASK1 and TAK1 in myoblast differentiation. C2C12 cells were stably transfected with expression vectors for a control shRNA or two shRNAs targeting TAK1, and the differentiation ability of such cells was analyzed by Western blot analysis and immunostaining with anti-MHC antibody at differentiation day 3 when cells are fully differentiated. In agreement with the published report (23) , TAK1 depletion by either of the shRNAs inhibited myotube formation and muscle-specific gene expression, such as MHC, myogenin, and troponin T (Fig. 2, A-D) , suggesting that TAK1 is critical for efficient myoblast differentiation. To investigate whether TAK1 promotes myoblast differentiation, C2C12 cells were transiently transfected with the control, pcDNA, or TAK1(HA) expression vectors plus the GFP expression vector to mark the transfectants. Cells were then induced to differentiate for only 2 days at the early differentiation time point and subjected to immunostaining for MHC and GFP expression followed by DAPI staining to visualize cell nuclei. The extent of myotube formation was quantified by determining the percentage of nuclei present in myotubes. As shown in Fig. 2 , E and F, TAK1-overexpressing C2C12 cells displayed an increase in muscle-specific gene expression, such as MHC, myogenin, and troponin T, relative to that of the control cells. In addition, C2C12/pcDNA cells were mostly single nucleus-containing myocytes and small myotubes with two to five nuclei at this time point of differentiation. However C2C12/TAK1 cells formed larger myotubes with more nuclei per myotube. Specifically, 20% of the myotubes contained more than six nuclei as compared with 5% in control myotubes (Fig.  2, G and H) . To further assess the requirement of TAK1 kinase activity for myoblast differentiation, C2C12 cells were stably transfected with the expression vectors for the control, wild type TAK1(HA), or kinase-negative TAK1(KN/HA) and assessed for their differentiation ability. In contrast to TAK1(HA), the ectopic expression of TAK1(KN) failed to enhance myoblast differentiation as analyzed by myotube formation and MHC expression (Fig. 2, I-K) . These data suggest that the increase in TAK1 protein levels, and its activity, caused accelerated myoblast differentiation at the morphological as well as the biochemical level.
Next, we analyzed the role of ASK1 in myoblast differentiation. C2C12 cells stably transfected with either the control pSuper or two different ASK1 shRNA expression vectors were induced to differentiate for 3 days followed by Western blot analysis or immunostaining with anti-MHC antibodies. Expression of ASK1 protein was nearly abrogated with both ASK1 shRNAs in expressing C2C12 cells, which resulted in a decrease in expression of MHC relative to the control cells (Fig.  3A) . Moreover these cells formed smaller myotubes with fewer nuclei per myotube compared with the control vector-transfected cells (Fig. 3, B and C) . Roughly 64% of the control cells were MHC-positive, and these cells were scored as mononucleate (ϳ32%), containing two to five nuclei (ϳ23%), or containing six or more nuclei (ϳ11%). Expression of either ASK1 shRNA decreased the percentage of MHC-positive cells to ϳ51-53%, with a dramatic decrease in larger myotube formation (those with more than six nuclei), which dropped from 10% to ϳ1-2%. To analyze the effect of ASK1 overexpression on myoblast differentiation, stable transfectants of C2C12 cells with control, wild type ASK1, or the kinase-negative ASK1(KN) expression vectors were induced to differentiate for 2 days and then immunostained with anti-MHC antibodies followed by DAPI staining to visualize cell nuclei. As shown in Fig. 3E , overexpression of ASK1 and ASK1(KN) in C2C12 cells resulted in about a 3-and 5-fold increase in the ASK1 protein levels, respectively, compared with that of the control cells. ASK1 overexpression resulted in the formation of larger myotubes with more nuclei per myotube, whereas the ectopic expression of ASK1(KN) exhibited a significant decrease in myotube formation as compared with C2C12/ ASK1 cells. Roughly 60% of the control MHC-positive cells were scored as mononucleate (ϳ33%), containing two to five nuclei (ϳ19%), or containing six or more nuclei (ϳ8%). Overexpression of ASK1 increased the percentage of MHCpositive cells to 67%: mononucleate (24%), containing two to five nuclei (ϳ23%), and containing six or more nuclei (ϳ20%). In contrast, ϳ55% of the C2C12/ASK1(KN) cells were MHC-positive: mononucleate (ϳ36%), containing two to five nuclei (ϳ15%), and containing six or more nuclei (ϳ4%) (Fig. 3, F and G) . In agreement, ASK1-overexpressing cells displayed enhanced MHC expression, whereas ASK1(KN) cells expressed a lower level of MHC relative to the control cells (Fig. 3H ). These data suggest that TAK1 and ASK1 are required for efficient myoblast differentiation and the kinase activity of these kinases is critical for their promyogenic effect.
Knockdown of ASK1 or TAK1 in C2C12 Cells Reduces Proliferation without Altering Cell Death-As ASK1 and TAK1 are also implicated in cell proliferation and death in various cell types, we analyzed their role in proliferation and apoptosis of myoblasts. C2C12 cells were stably transfected with the expression vectors for TAK1 or ASK1 shRNAs or with the control pSuper, and their proliferation in differentiating culture for 1 proliferation at differentiation day 1 (DM1) was analyzed by BrdU incorporation and DAPI staining to visualize cell nuclei. In agreement with the previous report, TAK1-depleted C2C12 cells exhibited a decrease in the level of BrdU incorporation relative to the control cells (supplemental Fig. 1, A and B) . Furthermore, C2C12 cells with ASK1 knockdown also showed a reduction in BrdU incorporation compared with the control cells. However, we did not observe any significant decrease in BrdU incorporation when cells were cultured in growth medium with 15% FBS (data not shown). These data suggest that TAK1 and ASK1 are involved in the proliferation of myoblasts prior to differentiation. Next we analyzed the effect of overexpression or knockdown of ASK1 or TAK1 on cell death in C2C12 cells from proliferating cultures or cultures at differentiation day 1 by flow cytometry. C2C12 cells with altered ASK1 or TAK1 expression levels did not exhibit any discernable changes in cell death under either proliferative or differentiation-induced conditions (supplemental Fig. 1, C and D) . These data suggest that ASK1 and TAK1 are involved in the regulation, but not in apoptosis during myoblast differentiation.
TAK1 and ASK1 Are Critical for p38MAPK Activation in C2C12 Myoblasts-Next we investigated the effect of overexpression or knockdown of TAK1 and ASK1 on p38MAPK activation in C2C12 cells during differentiation. Control and C2C12 cells overexpressing TAK1 or ASK1 were induced to differentiate for 2 days, the point at which robust p38MAPK activation is generally observed (34), and p38MAPK activation was analyzed by Western blotting with antibodies to the active phosphorylated form of p38MAPK (pp38) or p38MAPK. As shown in Fig. 4, A and B , overexpression of TAK1 and ASK1 led to a substantial increase in pp38 levels without alteration in total p38 levels relative to that of control cells. These data suggest that TAK1 and ASK1 enhance p38MAPK activation in Asterisks indicate difference from the control at p Ͻ 0.01. D, lysates of C2C12/shTak1-1 cells from various differentiation times were immunoblotted with antibodies to MHC, myogenin, or troponin T and to ␤-tubulin as a loading control. E, lysates of C2C12/control or C2C12/TAK1 cells were immunoblotted with antibodies to TAK1 and to cadherin as a loading control. F, lysates of C2C12/control or C2C12/TAK1 cells that were cultured in DM for 2 days were immunoblotted with antibodies to MHC, myogenin, or troponin T and to cadherin as a loading control. G, C2C12 cells were transiently transfected with control or TAK1 expression vector and a GFP expression vector to mark transfectants. Cells at differentiation day 2 were immunostained for MHC (red) and visualized for GFP expression (green). Nuclei were visualized by staining with DAPI (blue). H, quantification of myotube formation shown in G. Values represent the means of triplicate determinations Ϯ 1 S.D. The experiment was repeated three times with similar results. The asterisk indicates difference from the control at p Ͻ 0.01. I, C2C12 cells were stably transfected with TAK1, a kinase-negative form of TAK1 (TAK1(KN)), or a control expression vector and differentiated for 2 days followed by immunostaining for MHC (red). Nuclei were visualized by DAPI staining (blue). J, quantification of myotube formation by the cell lines shown in I. Values represent the means of triplicate determinations Ϯ 1 S.D. The experiment was repeated three times with similar results. The asterisk indicates difference from the control at p Ͻ 0.01. K, lysates of C2C12 cells that stably express TAK1, TAK1(KN), or control vectors in I were immunoblotted with antibodies to HA and MHC and to cadherin as a loading control. differentiating myoblasts. Next we investigated the effect of TAK1 or ASK1 depletion on p38MAPK activation in C2C12 cells. C2C12/shTak1-1 and C2C12/shAsk1-2 cells were induced to differentiate for 2 days followed by Western blot analysis. The depletion of TAK1 or ASK1 in C2C12 cells caused a significant reduction in pp38 levels relative to that of the control cells (Fig. 4, C-F) , suggesting that TAK1 and ASK1 are required for p38MAPK activation during myoblast differentiation. Taken together, these data suggest that both TAK1 and ASK1 are critical for both biochemical and morphological differentiation of myoblasts, most likely via p38MAPK activation.
Next we investigated whether ASK1 could directly activate p38MAPK by in vitro kinase assays with purified p38␣ and activated ASK1 proteins followed by Western blot analysis with antibodies to pp38, p38 and ASK1. As shown in Fig. 4G, p38␣ had an autophosphorylation activity, and pp38 levels did not increase when 0.8 g of ASK1 was added. Fig. 4H shows the quantification of three independent experiments, setting the pp38 signal from p38␣ alone to 1. These data suggest that ASK1 does not directly phosphorylate p38␣. Therefore we then analyzed whether ASK1 activates p38MAPK through MKK6. To this end, kinase assays were carried out by using purified p38␣, MKK6, and increasing amount of ASK1 followed by Western blotting with antibodies to pp38. As shown in Fig. 4I , pp38 levels were increased substantially in the response of increased ASK1 proteins. These data suggest that ASK1 enhances p38 activation in the presence of MKK6.
To investigate the role of ASK1 and TAK1 in Cdo-mediated myoblast differentiation, 293T cells were transfected with expression vectors for Cdo and ASK1(FLAG) as indicated, and the lysates were analyzed by Western blotting with antibodies to FLAG, Cdo, pp38, or p38. Consistent with published reports (24, 34) , expression of Cdo or ASK1(FLAG) in 293T cells enhanced the level of pp38. However the degree of p38 activation was much greater in ASK1-overexpressing cells than in Cdo-overexpressing cells. This was further increased by cotransfection of ASK1(FLAG) with Cdo, suggesting that Cdo and ASK1 function cooperatively to activate p38 (Fig. 4J) . Similarly, Cdo-overexpressing cells showed a slightly increase in pp38 levels, whereas TAK1 overexpression greatly induced p38 activation as compared with the control vector-transfected cells. This increase in pp38 levels was further enhanced when both Cdo and TAK1 were coexpressed in 293T cells (Fig. 4K) . Taken together, these data suggest that Cdo cooperates with ASK1 or TAK1 to activate p38MAPK.
We then asked whether ASK1 and TAK1 function cooperatively in p38MAPK activation in the presence of Cdo. To this end, 293T cells were transfected with 2 g of ASK1(FLAG) or TAK1(HA) singly or cotransfected with a gradually increasing Asterisks indicate difference from the control at p Ͻ 0.01. G, in vitro kinase assay of p38MAPK by using purified p38␣ and ASK1 proteins. The p38␣ protein was used as a substrate, and its phosphorylation was measured by immunoblot analysis with antibodies to pp38 and ASK1. H, quantification of three blots similar immunoblots to those shown in G. The intensity of the pp38 was quantified, with the values obtained from the p38␣ alone set to 1.0. Values represent the means of triplicate determinations Ϯ 1 S.D. I, the result from in vitro kinase assay using purified p38␣, ⌴⌲⌲6, and ASK1 with the indicated amounts followed by immunoblotting with antibodies to pp38 and MKK6. The experiment was repeated three times with similar results. J, lysates of 293T cells transiently transfected with indicated expression vectors were subjected to Western blot analysis with antibodies to pp38, p38, FLAG (for ASK1), or Cdo. K, lysates of 293T cells transiently transfected with indicated expression vectors were immunoblotted with pp38, p38, HA (for TAK1), or Cdo antibodies. L, 293T cells were transiently transfected with expression vectors for Cdo, ASK1 (FLAG), or p38 plus varying amount of TAK1(HA) vectors as indicated. The lysates were immunoblotted with antibodies to pp38, p38, FLAG, HA, and Cdo.
amount of TAK1 (1, 2, and 3 g ), 2 g of ASK1, and 5 g of Cdo, and cell lysates were analyzed by Western blotting with antibodies to pp38, p38, HA, FLAG, or Cdo. As shown in Fig. 4L , 293T cells expressing Cdo and ASK1 or TAK1 displayed a significant increase in pp38 levels. ASK1 expression levels were substantially decreased in 293T cells cotransfected with TAK1. This effect was seen also with Cdo in cells cotransfected with either ASK1 or TAK1. Currently the reason for this down-regulation is unknown. Coexpression of ASK1 with TAK1 in combination resulted in stronger activation of p38MAPK compared with cells expressing ASK1 or TAK1 singly. Taken together, these data suggest ASK1 and TAK1 can cooperate with Cdo to enhance p38MAPK activation in 293T cells.
Overexpression of ASK1 or TAK1 Restores p38MAPK Activation and Myotube Formation of Cdo-depleted C2C12 Cells-We reported previously that Cdo depletion causes defects in p38MAPK activation and myotube formation, which can be rescued by expression of an activated form of MKK6 (34) . Hence, we asked whether the defective p38MAPK activation in Cdo-depleted C2C12 cells could be rescued by overexpression of ASK1 or TAK1. C2C12 cells were stably transfected with Cdo shRNA (shCdo) or pSuper expression vectors. The Cdo depletion in C2C12 cells did not alter the levels of ASK1 and TAK1 proteins (Fig. 5A) . C2C12/pSuper and C2C12/shCdo cells were transiently transfected with ASK1, TAK1, or the control expression vectors plus a GFP expression vector to label the transfectants. Two different culture conditions resulting in p38MAPK activation were tested: 1) cultures that were at high density without freshly added serum for 48 h (Fig. 5, B and C) ; and 2) cultures that had been in DM for 2 days, a midpoint in the differentiation time course (Fig. 5, D and E) . Cells were immunostained with antibodies to pp38 and GFP to mark the transfected cells followed by DAPI staining to visualize nuclei. Under culture condition 1, the control vector-transfected C2C12/pSuper cells were mainly mononucleate, whereas ASK1-or TAK1-overexpressing C2C12/pSuper cells had some cells with two nuclei (Fig. 5B, white arrowheads) . 56% of the control vector-transfected C2C12/pSuper cells were positive for pp38, whereas 81% of TAK1-expressing cells and 85% of ASK1-expressing cells were positive for pp38 (Fig. 5, B and C  (white arrowheads) ). The signal intensity was also much enhanced in TAK1-and ASK1-expressing control cells. On the other hand, only 15% of the C2C12/shCdo cells were weakly positive for pp38, whereas TAK1-or ASK1-transfected C2C12/ shCdo cells displayed a restoration of pp38 levels to the level in the control C2C12/pSuper/pcDNA cells. 58% of TAK1-expressing cells and 53% of ASK1-expressing C2C12/shCdo cells were positive for pp38 (Fig. 5, B and C (white arrowheads) ). Under culture condition 2, whereas C2C12/pSuper cells transfected with control pcDNA, TAK1, or ASK1 expression vectors all formed multinucleate myotubes and were positive for pp38 signal, C2C12/pSuper/TAK1 or C2C12/pSuper/ASK1 cells displayed more intense pp38 staining. In agreement with our previous study, C2C12/shCdo/pcDNA cells showed greatly reduced myotube formation, with only a few cells immunoreactive to anti-pp38 antibodies. In contrast, C2C12/shCdo cells expressing either TAK1 or ASK1 formed multinucleate myotubes that were strongly positive for pp38 signal (Fig. 5D, white  arrowheads) . To quantify these results, we scored the intensity of the immunofluorescent pp38 signal in untransfected (GFPϪ) versus transfected (GFPϩ) cells on the same coverslips, with the average pp38 signal in untransfected control cells set to 1.0. Control vector-transfected cells had a pp38 signal of ϳ1, whereas the signal for C2C12/pSuper/TAK1 or C2C12/pSuper/ASK1 cells was ϳ1.9 or ϳ1.8, respectively. The untransfected or the control vector-transfected C2C12/shCdo cells had a pp38 signal of ϳ0.2, whereas the signal for both C2C12/ shCdo/TAK1 and C2C12/shCdo/ASK1 cells was restored to ϳ0.9 relative to that of the control cells (Fig. 5E ). In these cells we did not observe any alteration in total p38 signal (data not shown). These data suggest that TAK1 and ASK1 function downstream of Cdo to activate p38MAPK and promote myoblast differentiation. To verify this data, Cdo ϩ/ϩ and Cdo Ϫ/Ϫ primary myoblasts were cotransfected with the control pcDNA, ASK1, or TAK1 and RFP expression vectors to mark transfectants; these cells were induced to differentiate for 1 day by the removal of bFGF followed by immunostaining with antibodies to pp38 and DAPI staining to visualize nuclei. ASK1-or TAK1-overexpressing Cdo Ϫ/Ϫ myoblast cultures contained more pp38-positive multinucleated myotubes compared with the control transfected Cdo Ϫ/Ϫ myoblasts. Among pp38-positive cells, 17 or 19% of Cdo Ϫ/Ϫ myoblasts expressing ASK1 and TAK1 had more than three nuclei, whereas ϳ29% of the control-transfected Cdo ϩ/ϩ myotubes had more than three nuclei, and only ϳ4% of the control-transfected Cdo Ϫ/Ϫ myotubes were in the category of more than three nuclei/myotube (Fig. 5 , F and G). This result was further confirmed by immunostaining with MHC antibodies (Fig. 5, H and I) . These data suggest that overexpression of ASK1 and TAK1 restores the myogenic differentiation of Cdo Ϫ/Ϫ myoblasts. Overexpression of ASK1 or TAK1 in ASK1-or TAK1-depleted Cells Reactivates p38MAPK and Restores Myoblast Differentiation-To further investigate whether these kinases may play qualitatively different roles in p38MAPK activation during myoblast differentiation, C2C12/pSuper and C2C12/shTak1-1 cells were transfected with the control, TAK1(HA), or ASK1(FLAG) expression vectors and induced to differentiate for 2 days followed by immunoblotting with antibodies to pp38, p38, FLAG, or HA. As shown in Fig. 6A , overexpression of either ASK1 or TAK1 in TAK1-depleted C2C12 cells enhanced pp38 levels even higher than the pp38 levels observed in the control cells. Conversely, overexpression of either ASK1 or TAK1 in ASK1-depleted cells restored pp38 levels to the control levels (Fig. 6B ). These data demonstrate that ASK1 and TAK1 play a compensatory role in p38MAPK activation. We next analyzed whether this reactivation of p38MAPK would result in the rescue of myoblast differentiation. C2C12/pSuper and C2C12/shTak1-1 were transfected with expression vectors for TAK1, ASK1, or pcDNA and induced to differentiate for 2 days followed by immunostaining with anti-MHC antibodies and DAPI staining. As shown in Fig. 6 , C and D, the defective myotube formation of C2C12/shTak1-1 cells was rescued by the reintroduction of TAK1 or the ectopic expression of ASK1. In addition, cell lysates from similar cultures (shown in Fig. 6C ) were analyzed by immunoblotting with MHC and cadherin antibodies as a loading control. Consistently, C2C12/shTak1-1 cells expressing either TAK1 or ASK1 displayed restored MHC expression in comparable levels with the control cells (Fig. 6E) . In addition, C2C12/pSuper and C2C12/shAsk1-2 cells were also analyzed using methods similar to those described above. The expression of either TAK1 or ASK1 in these cells restored myotube formation as well as MHC expression (Fig. 6, F-H) . To verify the effect on p38 activation, Tak1 Ϫ/Ϫ MEF cells were stably cotransfected with the control pcDNA, ASK1, TAK1, ASK1(KN), or TAK1(KN) plus MyoD expression vectors, and p38 activation was analyzed in cells at differentiation day 2 by immunostaining with pp38 antibodies. As shown in Fig. 6I , overexpression of TAK1 and ASK1 resulted in enhanced immunoreactivity for pp38 by ϳ2.6 -2.7-fold relative to the control-transfected cells. In contrast, kinase-negative TAK1 and ASK1 failed to enhance pp38 signals (Fig. 6, I and J) . These data demonstrate that ASK1 and TAK1 can compensate for each other in p38MAPK activation and myogenic differentiation. Taken together, these data demonstrate that ASK1 and TAK1 function as MAP3Ks in Cdo-mediated p38MAPK activation to promote myoblast differentiation.
DISCUSSION
TAK1 has been proposed to function as a MAP3K to activate p38 and promotes myoblast differentiation (23) , whereas the role of ASK1 in myogenesis and whether it activates p38MAPK in myogenesis is unknown. ASK1 has been shown to promote neuronal differentiation of PC12 cells via activation of p38MAPK (25) . In our previous study, we showed Cdo promotes neuronal differentiation via activation of p38MAPK (37) . This correlation led us to hypothesize that TAK1 and ASK1 may function as MAP3Ks to link Cdo to the p38MAPK signaling pathway. In agreement with this hypothesis, ASK1 or TAK1 forms a complex with Cdo and JLP in 293T cells when overexpressed, or endogenously in C2C12 cells, with a robust interaction at the early differentiation stage. Our preliminary analysis to identify the interacting domain of JLP with ASK1 and TAK1 showed that JLP interacts with p38MAPK and ASK1 or TAK1 via distinct regions. Two separated regions of JLP, amino acids 1-110 and 160 -209 interact with p38MAPK (34), whereas JLP binds ASK1 and TAK1 through amino acids 465-1008 (data not shown). This region overlaps with the Cdo-interacting domain, which lies within amino acids 465-647 (34) . Further study is required to determine the exact domain of JLP responsible for the interaction with ASK1 and TAK1. The expression levels of ASK1 and TAK1 increased only slightly in myoblasts at high cell density prior to differentiation and decreased modestly in differentiated cells. The association of ASK1 and TAK1 with Cdo has been detected in growing and differentiating myoblasts until differentiation day 2. The highest level of association was detected transitionally in cells at differentiation day 2, which coincides with the activation of p38MAPK (34) , and in myogenic bHLH transcription factors, which is evidenced by expression of MHC at differentiation day 2. Our results suggest that both ASK1 and TAK1 are essential for myoblast differentiation, as the depletion of either ASK1 or TAK1 caused a reduction in p38MAPK activation and defective myotube formation. Conversely, overexpression of TAK1 or ASK1 enhanced the expression of myogenic markers and myotube formation. This promyogenic role of TAK1 and ASK1 may also involve their role in cell proliferation, because both TAK1 and ASK1 knockdown impaired the proliferative capacity of C2C12 cells at differentiation day 1 without increasing cell death. These data are consistent with a previous study reporting that TAK1 depletes C2C12 cells and Tak1 Ϫ/Ϫ fibroblasts proliferate more slowly than control cells (23) .
ASK1 and TAK1 may function independently in a temporal regulation of p38MAPK activation during myoblast differentiation. It appears that both ASK1 and TAK1 are required for p38MAPK activation and efficient myoblast differentiation. Because cotransfection of Cdo, ASK1, and TAK1 affected the expression levels of ASK1 and Cdo, we were unable to address whether ASK1 and TAK1 interact with Cdo cooperatively or independently. However, it appears that ASK1 and TAK1 play an interchangeable role in p38MAPK activation, because overexpression of either ASK1 or TAK1 in ASK1-or TAK1-depleted cells or in Tak Ϫ/Ϫ MEFs restored p38MAPK activation and myoblast differentiation. These data suggest that the threshold level of p38MAPK activation by either ASK1 or TAK1 is required for myoblast differentiation rather than implying any independent role for ASK1 or TAK1 in myoblast differentiation triggered by high cell density and serum removal. Similar to the ability of MKK6 to rescue defective p38MAPK activation and myoblast differentiation caused by Cdo deficiency, TAK1 or ASK1 overexpression restored myotube formation and p38MAPK activation in Cdo-depleted myoblasts and Cdo Ϫ/Ϫ myoblasts. These data indicate that ASK1 and TAK1 function downstream of Cdo-mediated promyogenic signaling. ASK1 and TAK1 have been shown to activate both JNK and p38 in response to various stimuli including cellular stress (16, 44) . In contrast to the promyogenic role of p38MAPK, activation of JNK is associated with inhibition of myogenesis (45) . ASK1 and TAK1 appear to activate p38MAPK specifically without modulating JNK activation under the differentiation conditions used in this study (data not shown). The interaction of ASK1 and TAK1 with the scaffold protein JLP may be one way to activate p38MAPK specifically in response to cell adhesion signaling triggered by N-cadherin/Cdo during myoblast differentiation. Because Cdo lacks an intrinsic enzyme activity (e.g. receptor tyrosine kinase), the molecular mechanism of MAPK activation by Cdo may differ from other known receptor-mediated signaling mechanisms. It is conceivable that the formation of multiple kinase complexes through JLP may cause the activation of kinases via conformational changes in these kinases (Fig. 6K) . In our recent report (43) , the non-receptor tyrosine kinase Abl interacts with the cytoplasmic region of Cdo and JLP and cooperates with JLP and Cdo to activate p38MAPK and promote myoblast differentiation. It is possible that Abl may be responsible for activating ASK1 and TAK1 to initiate the downstream signaling pathway. However Abl may not act solely as a kinase in this context, as a kinasedeficient mutant form of Abl retains partial activity in stimulating p38MAPK activity (43) . Based on these data, we propose that N-cadherin-mediated cell contact may induce a complex formation of Cdo with JLP, ASK1/TAK1, and p38MAPK, thereby enhancing the activation of p38MAPK.
